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ABSTRACT
Recent observations of lensed sources have shown that the faintest (MUV ≈
−15mag) galaxies observed at z = 6− 8 appear to be extremely compact. Some of
them have inferred sizes of less than 40 pc for stellar masses between 106 and 107M,
comparable to individual super star clusters or star cluster complexes at low redshift.
High-redshift, low-mass galaxies are expected to show a clumpy, irregular morphology
and if star clusters form in each of these well-separated clumps, the observed galaxy
size would be much larger than the size of an individual star forming region. As su-
pernova explosions impact the galaxy with a minimum delay time that exceeds the
time required to form a massive star cluster, other processes are required to explain
the absence of additional massive star forming regions. In this work we investigate
whether the radiation of a young massive star cluster can suppress the formation of
other detectable clusters within the same galaxy already before supernova feedback
can affect the galaxy. We find that in low-mass (M200 . 1010M) haloes, the radi-
ation from a compact star forming region with an initial mass of 107M can keep
gas clumps with Jeans masses larger than ≈ 107M warm and ionized throughout
the galaxy. In this picture, the small intrinsic sizes measured in the faintest z = 6−8
galaxies are a natural consequence of the strong radiation field that stabilises massive
gas clumps. A prediction of this mechanism is that the escape fraction for ionizing
radiation is high for the extremely compact, high-z sources.
Key words: galaxies: dwarf – galaxies: high-redshift – galaxies: star clusters: general
– methods: analytical
1 INTRODUCTION
Gravitational lensing of galaxy clusters permits resolved stu-
dies of star-forming regions of high-redshift galaxies beyond
the detection limit of current telescopes. The combination of
long exposure times with state-of-the art instruments such
as the Wide Field Camera 3 (WFC3) on the Hubble Space
Telescope (HST) and detailed lensing models allows one to
reconstruct the original, un-lensed image of the background
galaxy and to derive its physical properties. Recently, com-
pact star-forming regions with spatial extents of less than
100 proper pc have been identified at redshifts higher than
6 (Bouwens et al. 2017; Vanzella et al. 2017) in the Hubble
Frontier Fields (HFF, Coe et al. 2015; Lotz et al. 2017).
? E-mail: ploeckinger@strw.leidenuniv.nl
Bouwens et al. (2017) focus on the first four HFF clusters
with the most refined lensing model and due to the depth
of the HFF observations and the lensing from the massive
foreground clusters, they claim to measure sizes to a typi-
cal 1σ accuracy of ≈ 10 pc at MUV ≈ −15mag and ≈ 50
pc at MUV ≈ −18mag. The most compact sources in their
sample are candidate young globular clusters (GCs) as both
their sizes (< 40 pc) as well as their luminosities and deri-
ved stellar masses are similar to those of single star cluster
complexes in the local Universe (see e.g. fig. 9 in Bouwens
et al. 2017).
The formation mechanism of GCs is still under debate
(see Forbes et al. 2018, for a recent review on GCs). Kru-
ijssen (2015) proposed that high gas pressure leads to the
formation of massive clusters, which are observed at low
redshift as young, massive clusters (YMCs) or as old glo-
c© 2018 The Authors
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bular clusters. In their model, low-redshift disc galaxies do
not reach the required high gas pressures in the absence of
perturbations such as major mergers. On the other hand,
in turbulent, gas rich discs, as are typical for high-redshift
galaxies, GCs can form directly in the disc. If an unstable
disc fragments and produces gas clumps with masses higher
than the Jeans mass (Kim & Ostriker 2001), the individual
clumps can collapse and form star clusters massive enough
for GC progenitors.
If the population of very compact star-forming systems
found in the HFF correspond to forming GCs-like objects (or
a complex of forming GCs), the measured extremely small
sizes would indicate that one compact star cluster complex
dominates the faintest (MUV ≈ −15mag) galaxies at that
time. Why would only one region of < 40 pc within the
galaxy form a compact star cluster that is bright enough to
be observed? In the sample of Bouwens et al. (2017) 46 (83)
per cent of galaxies with MUV > −161 have sizes below 40
(100) pc. The measured size-luminosity relations for these
faint objects in the samples of Laporte et al. (2016) and
Kawamata et al. (2018) follow a similar trend.
These sizes are significantly smaller than expected from
the extrapolated size-luminosity relation of the brighter ga-
laxies in the sample. Following this extrapolated relation,
the sources would have median sizes of 100 pc at MUV =
−15, compared to the inferred median sizes of ≈ 40 pc. As-
suming that the compact sources from Bouwens et al. (2017)
are embedded in a larger but lower surface brightness galaxy,
the strong stellar feedback from the observed YMC (com-
plex) could prevent star formation in the other gas clumps in
the galaxy. This would result in the observed small sizes of
the stellar component if only the bright star cluster is above
the detection limit, as seen e.g. in Ma et al. (2018) for size
measurements of simulated high-redshift (z ≥ 5) galaxies for
different surface brightness limits.
The effect of supernova (SN) feedback has been ex-
tensively studied on various scales, for example, in idealised
simulations of the interstellar medium (ISM; e.g. SILCC:
Walch et al. 2015; Girichidis et al. 2016, TIGRESS: Kim &
Ostriker 2017), dwarf galaxies in cosmological zoom-in si-
mulations (e.g. FIRE: Hopkins et al. 2014; Muratov et al.
2015), and cosmological volumes (e.g. EAGLE: Schaye et al.
2015, Illustris: Vogelsberger et al. 2014). While SNe can
drive powerful winds, which can destroy dense gas clouds
and quench star formation, there is a delay between the for-
mation of the star cluster and the time when the SN wind
has propagated through the galaxy. This delay time τSN be-
tween the formation of the YMC and the galaxy-wide quen-
ching of star formation by SN winds can be estimated from
the lifetime of a 100M star (≈ 3.3Myr, Portinari et al.
1998; Leitherer et al. 2014) plus the time the SN wind needs
to cross a galaxy with size Reff , which depends on the wind
velocity vw:
τSN = 3.3Myr + 19.6Myr
(
Reff
kpc
)(
vw
50 kms−1
)−1
, (1)
1 A UV magnitude of MUV =−16 corresponds to a stellar mass
logM?[M]≈ 6.5−7 (see figures 9 and 10 in Bouwens et al. 2017).
using a reference wind velocity of 50 kms−1 in line with the
argument made in Bouwens et al. (2017).
The formation time of high-redshift YMCs is not
well constrained. Observations of local YMCs reveal small
spreads in the ages of the member stars, e.g. 0.4 Myr for
the most massive YMC known in the Galaxy (Westerlund
1, Kudryavtseva et al. 2012). In addition, other local YMCs
with ages of a few Myr, such as the Arches (2.5-4 Myr), NGC
3603 (1-2 Myr), Trumpler 14 (≈1 Myr) have already cleared
out their dense gas (for a review see e.g. Longmore et al.
2014). The small age spread, as well as the short time-scale
for gas removal indicate that star clusters form faster than
the SN delay time τSN. Therefore, additional star clusters
could form within a galaxy, unaffected by SN feedback.
If a perturbation in the host galaxy leads to (disc) frag-
mentation that produces the observed bright sources at high
redshift, it could be expected that other similarly massive
clusters form before SNe have had the opportunity to drive
the gas out of the disc. However, additional bright star clus-
ters in the same galaxy would increase the galaxy sizes no-
ticeably, which would be in tension with observations of the
faint high-z galaxies. Boylan-Kolchin (2018) suggested that
globular clusters contribute considerably to the high red-
shift UV luminosity function, which would indicate that a
large fraction of stars form in massive, dense star clusters
in high redshift galaxies. This different mode of star for-
mation (in contrast to less clustered star formation in local
galaxies) is likely caused by the high gas surface densities
(> 500−1000Mpc−2, see e.g. Elmegreen 2018), where the
higher disc pressures can create more compact star forming
regions. In this work, we test the impact of the strong ra-
diation field from these compact sources on the total star
formation in the host galaxy. If one YMC suppresses low-
mass star formation in the remaining parts of the galaxy, it
could be an explanation for the possible lack of unclustered
star formation at high redshifts.
The impact of the strong radiation from young star clus-
ters has been studied as an intrinsic feedback process to stop
the collapse of the birth cloud (e.g. Krumholz & Matzner
2009; Abe & Yajima 2018) as well as to drive galaxy-wide
feedback: In the high-resolution, radiation hydrodynamic si-
mulations of disc galaxies by Rosdahl et al. (2015), the radi-
ation from young stars efficiently suppresses star formation
in the disk, though it does not quench it. Different from SN
feedback, which can destroy massive gas clumps that have
already formed, radiation feedback predominantly prevents
the formation of clumps, mainly by photoionization heating.
This leads to a smoother density field and therefore less clus-
tered star formation. Recently, Guillard et al. (2018) confir-
med this result by following the formation and destruction
of individual star clusters in an isolated galaxy. They also
find a significantly reduced number of star clusters compa-
red to a simulation with identical initial conditions but only
SN feedback. While these simulations illustrate the effect of
radiative processes for individual isolated disc galaxies, they
do not directly provide a generalised theoretical framework.
Here, we explore analytically whether radiative fe-
edback from YMCs such as those observed by Bouwens et al.
(2017) can suppress further massive star cluster formation
in high-z galaxies prior to the first SNe. We use a simple
analytic model as well as numerical radiative transfer cal-
culations to identify how an individual massive star cluster
MNRAS 000, 1–16 (2018)
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Figure 1. Timeline for the different feedback processes. Ionizing
radiation from the YMC can impact the rest of the galaxy as
soon as the YMC clears out its birth cloud and leaves the embed-
ded phase. It is most effective during the first few Myr after the
embedded phase. The ionizing luminosity of the YMC decreases
rapidly with age after the first stars in the cluster reach the end of
their lifetimes (see Table 1). The impact of SN feedback increases
as the SN-driven wind propagates through the galaxy.
to prevent the formation of other massive star clusters in a
high-redshift dwarf galaxy by keeping gas clumps warm and
ionized that could otherwise cool and form stars. For gala-
xies small enough to have all their gas ionized by the YMC,
the observed sizes of the galaxy correspond to the size of
the YMC. For larger or more massive galaxies where ad-
ditional gas clumps can collapse and form new YMCs, the
observed size is more representative of the gas disc of the
galaxy. (Radiative) feedback can therefore explain both the
small observed sizes in the faint z = 6 galaxies as well as the
inferred change in the slope of their luminosity-size relation.
The general idea as well as the key results are summa-
rised in Fig. 7. The analytic models used to determine if one
YMC can suppress star formation galaxy-wide by radiative
feedback are described in Sec. 2 for a gas distribution with
constant density (Sec. 2.1) and for a clumpy gas structure
(Sec. 2.2). Numerical results from the spectral synthesis code
Cloudy (version 17.00, Ferland et al. 1998, 2013, 2017) in
Sec. 3 provide additional information on the thermal state
of the gas as well as the sensitivity of the results to the metal
and dust content of the gas. The implications of this study
for the escape fraction of ionizing photons are discussed in
Sec. 4. We summarise our findings in Sec. 5.
2 ANALYTIC MODEL
In this work, we do not investigate how the objects obser-
ved at z ≈ 6 form. Instead, we start with the YMC (or YMC
complexes) as observed and analyse the impact of their ra-
diative feedback on the rest of the galaxy. We focus on the
time before SN-driven winds from the young star cluster can
destroy other dense gas clumps and quench star formation
on a galaxy scale.
Very young (age . 1− 3Myr) star clusters can still be
embedded in their birth cloud until a combination of radi-
ation pressure, photoionization heating, and stellar winds
stops further star formation and start to clear out the im-
mediate surroundings (see e.g. Krause et al. 2016, and re-
ferences therein). When the radiation starts to leak out of
the cluster birth cloud, radiative feedback reaches the peak
of its impact on the rest of the host galaxy. As the cluster
ages and the most massive stars explode as SNe, the total
radiation field decreases, while the winds driven by SNe in-
Table 1. Properties of the radiation fields from Starburst99
from YMCs with a canonical IMF (cYMC) and a top-heavy IMF
(tYMC). For reference the last column shows the very low metal-
licity (Z= 0.0004) radiation field using the Padova evolutionary
tracks (see text). The important input parameters are listed in
the top half: the initial star cluster mass (M?), the IMF slopes
(α1, α2 and α3) for the indicated star mass intervals, and the
metallicity Z. The resulting hydrogen ionizing luminosities N˙H i
are listed in the bottom half for different cluster ages t.
cYMC tYMC low Z
Input
M? [M] 107 107 107
α1 (0.1−0.5M) 1.3 1.3 1.3
α2 (0.5−1M) 2.3 2.3 2.3
α3 (1−100M) 2.3 0.6 0.6
Z 0.002 0.002 0.0004
Ionizing luminosities log N˙H i [s−1] at cluster age t
t = 2 Myr 53.7 54.8 53.8
t = 4 Myr 53.3 53.9 53.4
t = 6 Myr 52.7 53.0 52.9
t = 8 Myr 52.1 52.1 52.6
t = 10 Myr 51.5 51.4 52.2
creasingly affect the galaxy (see Appendix A for the relevant
time-scales). Fig. 1 illustrates the timeline of both radiative
and SN feedback and highlights when each process is most
important.
In the fiducial setup a young (age = 2 Myr2) star cluster
with M? = 107 M irradiates pure hydrogen gas. In Sec. 2.1
we start with the simple setup of a spherically symmetric,
homogeneous gas cloud with the star cluster in its centre. By
comparing the size of the Strömgren sphere to the expected
extent of a typical z = 6 galaxy, the maximum gas density
below which the full galaxy can be ionized by the central
star cluster can be derived. In Appendix A we calculate the
photoionization time-scale and its dependence on the gas
density to highlight the almost instantaneous formation of
the Strömgren sphere compared to the age of the cluster.
In Sec. 2.2 we generalise the simple model to a clumpy
ISM and calculate the maximum distance from the star clus-
ter out to which a stable gas clump is fully ionized by the ra-
diation of the YMC. We argue that radiation from one com-
pact source, as claimed by e.g. Bouwens et al. (2017), can
prevent the formation of similarly compact sources within
the same galaxy for low-mass haloes (M200 . 1010 M3).
This process therefore increases the probability of observing
only one dominant star cluster at any given time, which
would naturally explain the inferred small intrinsic sizes
of the galaxies of Bouwens et al. (2017) and the apparent
change in the slope of the size-luminosity relation.
The spectrum of the massive star cluster is calcula-
ted with the stellar evolution synthesis code Starburst99
(Leitherer et al. 1999, 2014) for a simple stellar population
forming instantaneously with a total initial stellar mass of
2 If the star cluster is embedded for longer (e.g. 4 Myr), the
radiation field has decreased and we explore the dependence of
our results on the age of the star cluster later (Fig. 8 in Sec. 2.2).
3 Halo masses throughout the paper are expressed asM200, which
is defined as the mass of a spherical volume with radius R200
within which the mean density is 200 times the critical density at
z = 6.
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M? = 107 M and two different stellar initial mass functi-
ons (IMFs): a canonical IMF (cIMF; Kroupa 2001) with a
high-mass slope of α= 2.3 and a very top-heavy IMF (tIMF)
with a high-mass slope of α= 0.6. The latter yields the most
extreme radiation field as it corresponds to birth densities
assumed for ultra compact dwarf galaxies (Jeřábková et al.
2017) in the empirical model from Marks et al. (2012). A
higher ionizing luminosity can also be the result of inclu-
ding binary stars in the spectral synthesis models. Ma et al.
(2016) and Rosdahl et al. (2018) found a boost in the photon
escape fraction in re-ionization simulations when including
binary stars. The models cYMC (standard IMF, reference
radiation field) and tYMC (top-heavy IMF, high radiation
field) enclose the expected range of ionizing luminosities for
a star cluster of M? = 107 M.
Starburst99 models the integrated properties of
stellar populations incorporating evolutionary tracks of in-
dividual stars. In version 7.0.1, the fiducial tracks from the
Geneva group (Ekström et al. 2012; Georgy et al. 2013)
are available for two stellar metallicities (sub-solar: Z =
0.002 and solar: Z = 0.014 with relative abundances from
Asplund et al. 2009) and two initial stellar rotational veloci-
ties: vrot = 0 and vrot of 40 per cent of the break up velocity
on the zero-age main sequence.
We use the lower metallicity tracks as old globular clus-
ters typically have sub-solar metallicities, e.g. -2.5<[Fe/H]<-
0.3 in the GC sample of VandenBerg et al. (2013).4 Zero
stellar rotation (vrot = 0) is assumed as the other model in-
corporates rotational velocities that might be too extreme
(Leitherer et al. 2014) and does not reproduce the most mas-
sive stars very well (Martins & Palacios 2013).
Starburst99 returns spectra and the H i ionizing lu-
minosities N˙H i [s−1] as a function of the age of the star
cluster. N˙H i [s−1] is used for the analytic calculations while
the spectra of the stellar populations serve as input for the
spectral synthesis calculations with Cloudy (see Sec. 3).
Table 1 summarizes the input parameters for the YMC ra-
diation fields cYMC and tYMC and lists N˙H i [s−1] for clus-
ter ages ≤ 10Myr. The third column shows N˙H i [s−1] for an
extremely low metallicity (Z = 0.0004) stellar population to
illustrate how the ionizing luminosity depends on the cluster
metallicity.
For gas whose recombination time-scale is long com-
pared to the ionization time-scale (see Appendix A for a
discussion) the maximum gas mass that can be ionized until
3.3Myr (time of first SNe) is Mmax,i = mH
∫ 3.3Myr
t=0 N˙H idt
for pure hydrogen gas. For the star cluster model cYMC
(tYMC) Mmax,i = 4.1× 1010 M (4.1× 1011 M). This gas
mass is as high as the expected total gas mass in a z = 6
galaxy hosted by an M200 & 1012 M dark matter halo ac-
4 As we focus on the earliest stage of young star clusters, the
exact choice of the stellar evolutionary track does not influence
the main results. For a canonical IMF, the stellar evolution tracks
from the Padova group for the lowest metallicity (Z=0.0004, Fa-
gotto et al. 1994) result in an ionizing luminosity that is within
0.25 dex of the chosen Geneva track with Z = 0.002 for a cluster
age of less than 6 Myr (Table 1). Note that after 10 Myr, using
the lowest metallicity Padova track returns a five times higher io-
nizing luminosity compared to our fiducial Geneva tracks. At that
time, the ionizing luminosity used in our model can therefore be
considered a lower limit for an extremely low metallicity YMC.
cording to the stellar mass - halo mass relation (and assu-
ming a gas fraction of 50 per cent) from abundance matching
(Behroozi et al. 2013).
As the recombination time-scale decreases linearly with
increasing density, the ionized gas mass falls below the the-
oretical Mmax,i for high gas densities. In the following, we
include the recombination rate and compare the ionized gas
mass to the estimated mass of z = 6 galaxies for both a
homogeneous and a clumpy medium.
2.1 Homogeneous medium
Little is known about the gas distribution in faint, z = 6
galaxies, but simulations suggest that they have a clumpy,
irregular morphology (see e.g. Ma et al. 2018; Trayford et al.
2019). In order to study the impact of radiative feedback
on these galaxies, we decompose the galaxy into a volume-
filling, homogeneous component and denser gas clumps em-
bedded within the homogeneous medium. In this section we
examine the maximum gas density for which the homoge-
neous inter-clump medium can be ionized throughout the
whole galaxy. Afterwards, in Sec. 2.2, the impact of the radi-
ative feedback on the higher-density gas clumps is explored.
2.1.1 Homogeneous gas sphere
First, we test whether the ionizing radiation of a young star
cluster (M? = 107 M) is strong enough to ionize all gas wi-
thin a galaxy in the most idealised case of a homogenous
gas distribution before the SN delay time τSN (Eq. 1). The
Strömgren sphere (after Strömgren 1939) describes the vo-
lume around an ionizing source where the ionization and
recombination rates are in equilibrium. The Strömgren ra-
dius RS determines the position of the boundary between
ionized and neutral gas for a homogeneous density distribu-
tion, which we compare to the expected extent of the galaxy.
RS is given by
RS =
(
3
4piα
N˙H i
n2e
)1/3
(2)
and it depends on the rate of H i ionizing photons N˙H i [s−1]
emitted, the electron number density of the surrounding gas
ne [cm−3], and the recombination coefficient α [cm3s−1]. In
this toy model we assume the star cluster is embedded in a
pure hydrogen gas cloud and that the gas within RS is fully
ionized. Therefore, the electron density is set to be equal to
the hydrogen number density nH. The case B5 (i.e. excluding
recombination to the ground state) recombination coefficient
for hydrogen at a temperature of 104 K is α = αB = 2.6×
10−13 cm3s−1 (Pequignot et al. 1991), which gives
RS = 1.5 kpc
(
N˙H i
1053 s−1
)1/3(
nH
1cm−3
)−2/3
(3)
5 We use αB throughout the paper but as the setup is highly
idealised the factor of 1.6 between αA (case A recombination)
and αB does not impact the interpretation of the results.
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Figure 2. Strömgren mass (Eq. 4) for the radiation field of star
cluster model cYMC at an age of 2 Myr (log N˙H i[s−1] = 53.7,
Table 1) and gas densities of 0.01, 0.1 and 1 cm−3 (horizontal
dotted lines, as indicated). The black curve is the stellar mass (or
gas mass for fg = 0.5) - halo mass relation from Behroozi et al.
(2013) (B13) for z= 6 (dashed line: extrapolation). The grey area
indicates the gas mass - halo mass relation for galaxy gas fractions
fg from 0.1 to 0.9.
and a corresponding Strömgren mass of
MS = 3.2×108 M
(
N˙H i
1053 s−1
)(
nH
1cm−3
)−1
. (4)
N˙H i varies with time (Table 1) as the stellar population
ages, but as the time-scales for both ionization and recom-
bination are typically shorter (< 1 Myr, see Appendix A)
than the changes in N˙H i, we use the equilibrium solution
for a given N˙H i. Fig. 2 illustrates the Strömgren mass for
an ionizing luminosity of log N˙H i[s−1] = 53.7 (model cYMC,
at an age of 2 Myr, Table 1) for different gas densities (as
indicated). In order to compare the ionized gas mass to the
total disc gas mass, the z = 6 stellar mass - halo mass re-
lation from Behroozi et al. (2013) is used. Depending on the
gas fractions fg =Mgas/(Mgas +M?) of the galaxy, the gas
mass - halo mass relation lies within the grey region indica-
ted in Fig. 2 for fg between 0.1 and 0.9 with fg = 0.5 shown
as a black curve. For a gas density of e.g. nH = 1 cm−3, the
ionized gas mass exceeds the total gas mass of the galaxy
for logM200[M]. 11.2 for fg = 0.5.
2.1.2 Homogeneous gas disc
So far, the gas density of the homogenous gas distribution
is unconstrained, but with an estimate of the extent of the
galaxy, the maximum gas density for which the YMC can
ionize the full galaxy can be calculated. The compact objects
in the sample of Bouwens et al. (2017) may be embedded in
a larger, lower surface brightness disc, but the intrinsic size
of the gaseous component of faint z = 6 galaxies is largely
unknown. Huang et al. (2017) combined HST observations
with abundance matching and derived a relation between
Figure 3. Strömgren radii (Eq. 3) for the ionizing luminosities
of star clusters with an age of 2 Myr (red solid line: cYMC, blue
solid line: tYMC). At a cluster age of 10 Myr, N˙H i is very similar
for cYMC and tYMC (see Table 1) and the Strömgren radius for
both cases is indicated as black dotted line. The horizontal dashed
lines are the estimated sizes Reff (Eq. 6) for galaxy discs at z = 6
for halo masses of logM200[M] between 9 and 12, as indicated.
The points highlight the maximum density nmax (Eq. 7) for both
radiation fields where the Strömgren radius exceeds the galaxy
size.
the effective radius of galaxies (Reff) and the virial radius
(R200) of their DM haloes for redshifts lower than 3. As their
relation does not show a redshift dependence, we use their
Reff as a proxy for the size of the galaxy:
Reff = 1.68× λ√2R200, (5)
For a halo spin parameter λ = 0.035 (Tonini et al. 2006)
and a Hubble parameter of H(z = 6) = 700kms−1 Mpc−1
(Planck Collaboration et al. 2016) the effective radius of a
galaxy is approximated by
Reff = 0.4 kpc
(
M200
1010 M
)1/3
(
λ
0.035
)(
H(z)
700kms−1 Mpc−1
)−2/3
.
(6)
A comparison between RS and Reff for the radiation
fields of the star cluster models cYMC and tYMC at an
age of 2 Myr is shown in Fig. 3. The maximum density
nmax for which all gas within Reff is ionized by the YMC
is indicated as points for each halo mass and follows from
RS(nH, N˙H i) =Reff(M200):
nH,max = 7 cm−3
(
N˙H i
1053 s−1
)1/2(
M200
1010 M
)−1/2
. (7)
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The maximum photoionized gas mass inside Reff is
Mgas,ion = 4pi/3R3eff nH,maxmH or
Mgas,ion = 5×107 M
(
N˙H i
1053 s−1
)1/2(
M200
1010 M
)1/2
. (8)
Comparison of Mgas,ion to the total gas mass expected in
the disc allows us to estimate the halo mass range for which
the full galaxy is ionized in this toy model.
If the galaxy disc were thin, only a small fraction of
the emitted photons would reach the gas in the disc and
therefore the ionized gas massMS,disc would be smaller than
MS from the assumption of spherical symmetry. The ionized
gas mass in this case is reduced by two spherical caps, where
we assume that any gas that exists in these caps above or
below the disc is so tenuous that its contribution to the total
gas mass is negligible.
As an estimate for the vertical extent of the gas disc we
use the Jeans length λJ . This assumes a self-gravitating disc
that is stabilised by an isotropic pressure (e.g. thermal or
turbulent) that can be expressed by an effective temperature
T . The Jeans length is defined as
λJ =
(
γkBT
Gµm2HnH
)1/2
(9)
or
λJ = 1.14 kpc
(
T
104 K
)1/2( nH
1 cm−3
)−1/2
(10)
where γ = 5/3 is the ratio of specific heats, kB is the Bol-
tzmann constant, µ = 1 the mean particle mass for neutral
hydrogen, mH is the mass of the hydrogen atom, nH is the
hydrogen number density of the gas and T = 104 K is a typi-
cal value for the temperature of the warm neutral medium.
Fig. 4 shows a schematic plot of the ionized gas mass in
a homogeneous gas disc with thickness λJ and radius RS .
In this case the ionized gas mass in the disc (MS,disc) is
reduced compared to the spherical MS , depending on the
thickness of the gas disc:
MS,disc
MS
= 12
(
λJ/2
RS
)[
3−
(
λJ/2
RS
)2]
. (11)
For RS = Reff (and therefore n = nmax), the ratio λJ/2 to
RS is
λJ/2
RS
= 0.54
(
T
104 K
)1/2( N˙H
1053 s−1
)−1/4(
M200
1010 M
)−1/12
(12)
and the resulting maximum ionized gas massMS,disc for the
cluster models cYMC and tYMC (at a cluster age of 2 and 10
Myr, as labelled) is shown in Fig. 5. For the fiducial values,
the assumed disc is very thick, with a diameter (2RS) less
than a factor of two larger than its thickness λJ (Eq. 12).
For halo masses logM200[M] . 10.5 (. 10.7) the gas
mass that can be ionized by cYMC (tYMC) is larger than
the baryonic mass from the stellar-mass halo-mass relation
for z = 6 by Behroozi et al. (2013). This indicates that the
Re↵
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Figure 4. Schematic view of the geometry of the ionized gas
mass distribution (with radius RS; shaded volume) within a disc
of radius Reff and thickness λJ (grey outlines) as assumed in
Sec. 2.1.2. Note that while the maximum density nmax (Eq. 7)
for which gas can be ionized until Reff is the same as for a spheri-
cally symmetric gas distribution, the gas mass MS,disc is reduced
depending on the thickness of the disc (Eq. 11).
Figure 5. Maximum ionized gas mass (Mgas,ion, Eqs. 11 and 12)
within Reff for a disc of thickness λJ (see schematic in Fig. 4).
The black curve is the stellar mass - halo mass relation from
Behroozi et al. (2013) (B13) for z=6 (dashed line: extrapolation).
Assuming a gas fraction of 50 per cent, the full galaxy is ionized
by the respective radiation field in this toy model for halo masses
M200 where Mgas,ion exceeds the B13 relation
radiation field of a YMC can be strong enough to ionize a full
low-mass galaxy. In higher-mass haloes (M200 & 1010.7 M),
the maximum ionized gas mass does not exceed the esti-
mated gas mass within Reff and one YMC could not glo-
bally suppress star formation within the galaxy. The general
message is therefore: we expect a halo mass, below which the
ionizing luminosities of the assumed YMCs can ionize more
gas than the total gas mass in homogeneous, volume-filling
low-density gas expected in these galaxies.
MNRAS 000, 1–16 (2018)
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2.2 Clumpy medium
We have established in Sec. 2.1 that homogeneous, low-
density gas can be ionized by the YMC throughout the whole
galaxy. In a more realistic high-redshift galaxy, the gas is ex-
pected to exhibit an irregular and clumpy morphology. We
therefore explore in this section how the radiation field io-
nizes gas clumps with different masses and distances to the
YMC. The maximum distance between the YMC and a gas
clump is estimated by Reff (Eq. 6), the assumed total extent
of the gas distribution.
In a clumpy galaxy, the radiation from the star cluster
needs to heat or even ionize the embedded dense gas regions
to prevent star formation in the galaxy. Whether a clump
can self-shield from the radiation field and remain cold de-
pends on the gas density as well as the distance between
the clump and the ionizing source. The sketch on the left
hand side of Fig. 6 shows a gas clump at a distance d to a
star cluster emitting ionizing photons at a rate of N˙H i. If
the gas clumps are embedded in low-density gas, we assume
that the largest absorption occurs in the densest gas clump
and neglect the absorption through the lower-density gas.
This is especially justified in the case where the surroun-
ding medium is ionized and therefore optically thin to the
hydrogen ionizing radiation. We discuss the contribution of
a volume filling lower-density gas in Appendix B but find its
contribution negligible for our setup.
We assume the Jeans length λJ (Eq. 10) as a typical
clump size as it is a characteristic length scale for a self-
gravitating gas (e.g. Schaye 2001). As illustrated in Fig. 6
(left), the illuminated side of the gas clump is ionized first
while the opposite side of the cloud stays neutral if it is shiel-
ded from the stellar radiation. If the depth of the ionization
front Rion within the gas cloud is larger than the cloud size
(here: λJ with T = 104 K as the most conservative choice
for initially neutral gas), then the gas clump with density n
is fully ionized by the radiation field from the source with
luminosity N˙H i at distance d.
We focus on the 1D line-of-sight through the centre of
the cloud (left panel of Fig. 6) to analytically formulate the
position of Rion inside the gas clump. For the following com-
parison between the extent of the gas cloud and the posi-
tion of the ionization front, the 1D line-of-sight through the
centre of the gas clump is assumed to be spherically sym-
metric about the position of the ionizing source (right side of
Fig. 6). This allows us to describe the depth of the ionization
front Rion by a Strömgren sphere. While this assumption
allows us to formulate the analytic toy model, the resulting
Rion for individual 1D line-of-sights through a given column
density of gas (here: nλJ) are independent of the underlying
shape of the gas cloud.
For a clump or shell with constant density, Rion can be
determined analytically by calculating for which Rion the
volume of the shell Vshell = 4pi/3
[
(d+Rion)3−d3
]
equals
the volume of the Strömgren sphere VS = 4pi/3R3S for the
gas density of the clump. Here d is the distance between the
inner edge of the clump or shell and the ionizing source (see
Fig. 6). Solving for Rion in Vshell = VS results in:
Rion =RS ·f(c) (13)
Clumpy medium:Gas clump:
d
1D spherical symmetry:
N˙HI
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Figure 6. Schematic of the clumpy medium setup discussed in
Sec. 2.2. A gas clump with an extent close to its Jeans length λJ
gets irradiated by a massive star cluster with an ionizing lumino-
sity N˙H i at a distance d. The gas clump gets photoionized on the
illuminated side of the gas cloud until a depth of Rion where the
electron fraction ne/nH = 0.5 (left panel). We define the clump
to be fully ionized if Rion > λJ. The right panel illustrates the
assumption of spherically symmetric gas shells.
where
f(c) =
(
3
√
1 + c3− c
)
(14)
with c ≡ d/RS. In the next step we use RS from Eq. 3 and
Rion = λJ (with λJ from Eq. 10) to formulate the maximum
distance dmax to the ionizing source, where a gas clump with
density n (again assuming that n≈ ne ≈ nH) is completely
ionized:
dmax [kpc] =
√
A
(
N˙H i
1053 s−1
)
n−1.5−Bn−1−Cn−0.5 (15)
with A = 0.91, B = 0.108, and C = 0.57. This defines the
distance up to which gas clumps are ionized as a function of
their gas density n and the ionizing luminosity N˙H i.
The bottom right panel in Fig. 7 shows dmax (left y-
axis) for various gas densities n (bottom x-axis). For compa-
rison, the maximum gas density for which a clump with size
λJ can be fully ionized by the UV background (UVB) radi-
ation field at z= 6 (Haardt & Madau 2012, hereafter: HM12)
is shown in the top right panel in Fig. 7. For the HM12 ra-
diation field, a plane-parallel geometry is assumed (see Ap-
pendix C for details) and the limiting density is therefore
independent of the distance.
The maximum distances dmax are related to the halo
mass M200 (right y-axis) via the estimated size of galaxies
d = Reff (Eqs. 5, 6). If therefore a clump with density n
can be ionized at a distance d ≥ Reff , then we assume that
gas clumps of this density will be ionized by the radiation
field throughout the whole galaxy. Furthermore, the left y-
axis is scaled to the Jeans mass MJ = 4pi/3(λJ/2)3nmH =
1.9× 107 Mn−1/2 for a gas temperature of 104 K and the
respective gas density n[ cm−3] (top x-axis).
While dense (n& 100 cm−3) self-gravitating gas clumps
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with low Jeans masses (MJ ≈ 106 M) can remain neutral
within the galaxy for all halo masses considered, massive gas
clumps (MJ > 107 M) remain ionized thanks to their lower
gas densities. For example, a YMC with a mass of 107 M
and an age of 2 Myr can keep a gas clump with a Jeans
mass of MJ ≥ 107 M ionized throughout the whole galaxy
in haloes with logM200[M] . 10.5. In higher-mass haloes,
these clumps can remain neutral, as the galaxy sizes exceed
the limiting distance dmax.
Summarising, self-gravitating massive gas clumps
(logMJ[M]≈ 8.5 for T = 104 K) can cool to below 100 K6
if the only heating source is the HM12 UVB radiation field
for z = 6 (Fig. 7, top right panel). If these massive structu-
res collapse and form a 107 M star cluster, the radiation
field from the YMC can keep adjacent gas clumps with low
densities and therefore large Jeans masses ionized and warm
(≈ 104 K) up to distances dmax that can exceed the estima-
ted sizes of low-mass (expressed in terms of M200) galaxies.
The sketch in Fig. 7 illustrates this idea. This process has
to work fast, as the YMC radiation field at a cluster age of
10 Myr is already comparable to the HM12 radiation field7.
In galaxies with small disc sizes and therefore limited
maximum distances to the YMC, gas clumps with large Je-
ans masses can be ionized throughout the whole disc. Only
higher-density and hence, given the assumption that the
clump mass equals the Jeans mass, lower-mass gas clumps
self-shield and remain (partially) neutral. In large discs, as
is typical for more massive haloes (Eq. 6), gas clumps in the
disc can self-shield if they are at sufficiently large distances
to the YMC. Similar to the results in Sec. 2.1, a maximum
halo mass (and therefore maximum disc size) is expected
below which the YMC can ionize all gas clumps in a galaxy.
Star cluster mass, IMF and age dependence: The
lines in Fig. 8 show dmax for different IMFs (top panels:
cYMC, bottom panels: tYMC) as well as different YMC
masses (left panels) and YMC ages (right panels). If the
YMC needs more than 2 Myr to clear out its birth cloud, the
weaker radiation field at an age of 4 Myr (dashed line, right
panels in Fig. 8) can ionize Jeans masses of MJ ≥ 107 M in
slightly less massive haloes of logM200[M]. 9 (cYMC) or
. 11 (tYMC). After 8 Myr (dash-dotted line), clumps with
Jeans masses of up to ≈ 108 M remain neutral in all haloes
(both tYMC and cYMC), which is still ≈ 4 times smaller
compared to the case where the only radiation field is the
HM12 background at z = 6 (Fig. 7, top right panel). While
the stronger radiation field of more massive YMCs can io-
nize also smaller gas clumps, we highlight that the assumed
IMF plays a critical role. The ionizing luminosity of cYMC
with a mass of 107 M is comparable to that of tYMC with
a mass of 106 M (both at an age of 2 Myr, see also Table 1).
3 NUMERICAL PARAMETER EXPLORATION
In this section we compare the results from Sec. 2 to 1D
radiative transfer simulations. This allows us to explore the
dependence of the results on the gas metallicity and dust
content, as the analytic models in Sec. 2 assume pure hyd-
rogen gas and only distinguish between fully ionized and
fully neutral gas. For more detailed information about the
thermal state of the neutral gas beyond the ionization front
and the effect of metals and dust, we use numerical results
from Cloudy (Ferland et al. 1998, 2013, 2017, here: version
17.00). Cloudy is a spectral synthesis and radiative transfer
code that makes use of extensive atomic and molecular data-
bases to calculate the physical and chemical conditions of gas
in astrophysical environments. After specifying a spectral
shape as well as the luminosity or intensity of a radiating
source (we use the spectra from models cYMC and tYMC),
Cloudy calculates absorption and emission features for an
adaptive number of zones through a slab or shell of gas.
As in the analytic calculations, the constant density case is
used, while now the gas temperature, ion abundances and
electron densities are iterated to their thermal equilibrium
state for each zone.
For comparison with the analytic Strömgren radius
from Eq. 3, we define the numerical Strömgren radius,
R0.5, as the depth into the gas, where the ratio between
the electron number density ne and the hydrogen number
density nH is ne/nH = 0.5.
For a clumpy gas distribution, we set up a 2D grid of
Cloudy simulations where the varied parameters are the
distance, d (see the left panel in Fig. 6), between the ionizing
source and the gas clump with density n. TheCloudy calcu-
lations return the ion fractions of hydrogen as well as the gas
temperature as a function of depth into the gas clump. We
discuss the temperature profile in Sec. 3.2 and focus here on
the depth into the cloud, where ne/nH = 0.5, defined as R0.5
(parallel to the definition of Rion in Fig. 6). Together with
the characteristic length scale of a self-gravitating cloud, the
Jeans scale λJ, the depth R0.5 is used as a measure of how
much of the gas clump is (mostly) ionized (ne/nH > 0.5).
As before, a constant temperature of 104 K is assumed
for the Jeans length λJ. Beyond the ionization front at R0.5
the temperature decreases, reducing the Jeans length of the
gas clump (λJ ∝ T 1/2). Since a smaller gas clump of a given
density is easier to ionize, the constant 104 K temperature
assumption is the most conservative choice to investigate the
effect of ionizing radiation onto these gas clumps.
Throughout this section, the values for solar metallicity
(Z = 0.0134) and the elemental abundance ratios are taken
from Asplund et al. (2009) (for Z = Z: X = 0.738, Y =
0.249). For Cloudy runs with dust, we use the “orion” grain
set which includes both graphitic and silicate grains (see the
Cloudy documentation for details). Grains are destroyed
mainly in the shock waves of SN blast waves (e.g. Jones et al.
1996). As we explicitly focus on the time before the SN shock
6 see Fig. C1 for the numerical results of the thermal state of gas
clumps exposed to HM12.
7 This is a conservative estimate as the ionizing luminosity of
star clusters with lower metallicities decreases more slowly with
cluster age and is therefore still higher after 10 Myr (a factor of
5 for Z = 0.0004 compared to Z = 0.1Z = 0.00134, see Table 1).
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UVB radiation field
YMC radiation field
Figure 7. Left panels: Sketch of a clumpy galaxy as discussed in Sec. 2.2 without (top) and with (bottom) a YMC. Blue circles symbolise
neutral gas clumps while red circles represent ionized gas clumps. Right panels: A clump with density nH (bottom axis) at distance d
from the YMC (left y-axis) is either fully ionized (d < dmax, Eq. 15 or n < nmax for the UVB case; red region) or remains partly neutral
(d≥ dmax; blue region) for the UVB (top panel) or the fiducial cYMC radiation field (age = 2 Myr, M? = 107M, bottom panel). The
right y-axis in the right panels gives the halo mass M200 for which the maximum distance (left y-axis) equals the estimated size of the
galaxy (Eq. 6). With only the UVB radiation field, self-gravitating gas clumps with densities lognH[ cm−3] > −2.6 can self-shield and
potentially cool to form star clusters. These densities correspond to Jeans masses of up to ≈ 4×108M (top axis, top right panel). As
we neglect shielding by the inter-clump medium, the UVB solution is independent of the position within the galaxy (see Appendices B
and C for details). After the YMC has formed and cleared out its birth cloud, the strong ionizing radiation can also keep gas clumps
with higher densities warm and ionized. In haloes with masses below the value indicated by the right y-axis, the radiation can ionize
such clumps throughout the galaxy. Only smaller clumps with MJ . 107M can self-shield due to their higher densities (bottom right
panel).
passes through the galaxy, and the temperatures of ≈ 104 K
are too low for thermal sputtering to be efficient (Tielens
et al. 1994), we assume a constant dust-to-metal ratio of
0.42 also within the ionized bubble and do not include any
grain destruction processes in these Cloudy simulations.
As a first test, the analytic results from Fig. 7 and Fig. 8
are compared to the numerical results from Cloudy for low
metallicity (Z = 0.1Z), dust-free gas. This allows us to test
the assumptions from the analytic model (i.e. pure hydrogen
gas, constant temperature, T = 104 K, and constant electron
number density, ne = nH).
The limiting distance (or density) between ionized and
(partly) neutral is shown in Fig. 8 for the analytic solution
from Eq. 15 (solid lines) and the Cloudy runs (symbols)
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Figure 8. As in the bottom right panel of Fig. 7 but for varying
YMC masses at a constant YMC age (2 Myr, left panels) and va-
rying YMC ages at a constant YMC mass (107M, right panels)
for two different IMFs: cYMC (top row) and tYMC (bottom row).
For some reference models, the results from Cloudy are over-
plotted with datapoints (see Sec. 3 for details). The coloured regi-
ons correspond to the parameter space where gas clouds are either
ionized (d < dmax; red region) or remain neutral (d≥ dmax; blue
region) for the fiducial model (cYMC, 2 Myr, 107M), repeated
from the bottom right panel of Fig. 7. In the same way, each line
separates the parameter space into ionized (towards lower densi-
ties and smaller distances) and neutral (towards higher densities
and larger distances) for each radiation field.
for ionizing luminosities from star clusters of different IMFs,
ages and masses. Both the shape and the normalization of
the data points match the theoretical predictions very well.
3.1 Gas metallicity and dust dependence
Faint galaxies at z= 6 are expected to have very low metalli-
cities and, assuming a constant dust-to-metal ratio, also very
little dust. The analytic calculations as well as the fiducial
numerical model represent this scenario. In more massive
galaxies or in galaxies at lower redshifts, the higher dust
content provides an additional shielding channel against ra-
diation from nearby star clusters. Here, we explore how me-
tals and dust impact the results of the dust and metal-free
analytic model. This allows us to shed some light on the
Homogeneous gas distribution
Figure 9. The ratio between R0.5, the numerically determined
radius where ne/nH = 0.5, and RS, the analytic radius of the
Strömgren sphere (Eq. 3), is displayed with solid (gas metallicity
0.1Z) and dotted (gas metallicity 1Z) lines. Lines with sym-
bols show the ratio between the radius where the gas temperature
drops below 100 K (R100K) and RS. R100K/RS is only plotted for
densities where R100K 6= R0.5. Red lines indicate the results for
dust-free gas, while for the black lines a constant dust-to-metal
ratio of 0.42 is assumed. Results are shown for model cYMC (left
panel) and tYMC (right panel), both for a cluster age of 2 Myr.
systematic differences between radiative feedback in dust-
free (i.e. faint, high-z) vs. dusty (i.e. more massive, low-z)
galaxies in the proposed scenario.
Homogeneous medium: The results for a radiating
source surrounded by a medium with constant density are
summarised in Fig. 9 for model cYMC (left panel) and
tYMC (right panel), both for the radiation field at a cluster
age of 2 Myr. Here, we focus on the lines without symbols
(R0.5) while the meaning of the lines with symbols (R100K)
will be explained in Sec. 3.2.
For gas without dust and at a low metallicity of 0.1Z,
R0.5 is within a few percent of the analytic solution, RS
(red solid line). Increasing the metallicity to Z decreases
R0.5 systematically by around 10 per cent (red dotted line).
Therefore, the gas metallicity alone does not have a large
effect on the size of the ionized bubble. Including dust gra-
ins (black lines) leads to smaller R0.5 at high densities (see
Fig. 9): for gas densities of lognH[ cm−3] = 4, R0.5 is reduced
by a factor of 2 (10) compared to the dust-free model for a
metallicity of 0.1Z (Z). The volume that can be ionized
by a given radiation field is therefore considerably reduced
in dusty gas with solar metallicity compared to the gas with
very little dust content.
Clumpy medium: We illustrate in Fig. 10 the dependence
of the results from Fig. 7 on dust content and metallicity.
Both low metallicity cases (with and without dust), as well
as the dust-free solar metallicity case scatter closely around
the analytic solution for pure hydrogen gas (solid line). On
the other hand, dust clearly enhances the self-shielding of
the gas for Z = Z and moves the limit between (fully) io-
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Figure 10. As Fig. 8 but for two different gas metallicities (ci-
rcles: 0.1Z, squares: Z) and including dust with a constant
dust-to-metal ratio of 0.42 (right panel, black symbols). All results
are for the fiducial radiation field (cYMC, t=2Myr, 107M) and
the coloured regions from the analytic result are repeated from
Fig. 8 for reference.
nized clump and (partly) neutral clumps to somewhat lower
gas densities. For dusty gas with Z = Z, a gas clump with a
Jeans mass ofMJ = 107 M remains neutral in this radiation
field, even in very low-mass haloes (logM200[M]< 9).
For galaxies with a low dust content, as expected for
faint z = 6 galaxies, radiative feedback from the same YMC
can ionize larger fractions of its host galaxy. This suggests
that the galaxy-wide suppression of star formation from ra-
diative feedback plays a larger role at high redshifts than in
the local Universe.
As the numerical results for dust-free gas for metallici-
ties of 0.1Z and Z are very close to the analytic, metal-
free solution, the results are expected to be valid also for
metallicities below 0.1Z.
3.2 Pre-heating
Photons with energies for which the ionization cross section
of atomic hydrogen is zero (e.g. optical light, or UV below
13.6 eV) can pass deeper into the gas than hydrogen io-
nizing radiation and can heat (mostly neutral) gas beyond
R0.5. This could be an additional mechanism for suppressing
star formation without ionizing the entire gas cloud. We use
R100K as a measure for the importance of pre-heating of ne-
utral gas, which is defined as the depth into the gas, where
the temperature drops below 100 K. We chose this low tem-
perature rather than e.g. 1000K to illustrate the upper limit
of this effect.
Homogeneous medium: For an estimate of how much
neutral gas can be heated to temperatures of > 100 K, the
ratio R100K/RS is plotted in Fig. 9 (marked with symbols
where R100K 6=R0.5). For most densities, the lines for R100K
and R0.5 overlap, which means that the temperature drops
steeply to below 100 K at the ionization front.
Pre-heating is only significant for dust-free gas with
high gas densities (nH & 500cm−3), where the radius at
which the temperature drops below 100 K can be a few times
larger than RS. For gas that contains dust grains (dust-to-
gas mass ratio of 5.6×10−3 for Z), the radiation field does
not heat up the gas beyond the ionization front. Fig. 11
illustrates the difference in the spectra of model cYMC for
an individual density (lognH[ cm−3] = 3.5) at R0.5 (left pa-
nel) and R100K (right panel). For dusty gas, even at a low
metallicity of 0.1Z, the radiation field at energies between
≈ 1 and 13.6 eV, is drastically attenuated at R0.5. The dust-
free gas in comparison is barely absorbing at these energies
at R0.5. Deeper into the cloud, at R100K (right panel), the
Lyman series is visible as absorption features in the dust-
free gas, but the optical and UV radiation field is still up to
2 dex stronger compared to the dusty gas case8.
Therefore, in addition to the larger volume of the io-
nized region in dust-free gas, as shown in Sec. 3.1, the
neutral gas beyond the ionization front is also warmer in
low-metallicity, dust-free gas, compared to gas with a dust
content typical for the solar neighborhood. The main pre-
heating mechanism here is the photoionization of excited
states of hydrogenic species (label Hn = 2 in Cloudy). As
illustrated in Fig. 11 photons with energies that can excite
hydrogen atoms (i.e. 10.2≤E[eV]< 13.6) are very efficiently
absorbed by dust grains. This leads to a lower fraction of ex-
cited hydrogen atoms and subsequently to a lower heating
rate compared to dust-free gas.
Clumpy medium: Even without fully ionizing a gas
clump, the strong radiation field could still increase the ther-
mal equilibrium temperature for a large fraction of its vo-
lume. For a homogeneous density distribution we showed in
Fig. 9 (symbols) that the pre-heating radius, R100K, can be
a factor of a few larger than R0.5, which traces the location
of the ionization front. For individual gas clumps R100K and
R0.5 are in the following compared to the estimated size of
the gas clump to assess the fraction of the clump that is
affected by pre-heating.
For a cYMC (age = 2 Myr) in low-metallicity (0.1Z)
and dust-free gas, Fig. 12 shows R0.5 (solid lines) and R100K
(dotted lines), both relative to the assumed size of the clump
(λJ) for distances of d= 0.1, 1, 10kpc. Gas is mostly neutral,
but heated to > 100 K where R100K > R0.5 (indicated as
grey areas).
Heating of gas beyond the ionized bubble only occurs for
densities where R100K/λJ  1 (Fig. 12). The depth into the
clump where the gas is heated to a temperature of > 100 K is
therefore much smaller than the assumed size of the clump.
This means that the situation where the radiation field heats
up the full gas clump to temperatures above 100 K without
ionizing it, does not occur in this setup. Typically, the self-
shielded part of the cloud is cold (T < 100 K). Only for high
densities (see Fig. 12) can a thin shell between the ionized
outskirts and the cold core be both neutral and warm (T >
100 K).
We conclude that the radiation feedback is most ef-
fective, both in terms of ionizing and heating gas, when the
metallicity is low and, even more importantly, the dust con-
8 The used Starburst99 spectra do not contain X-ray radiation.
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Figure 11. Incident spectrum (grey line in both panels) for
cYMC at a cluster age of 2 Myr. Transmitted spectra are shown
for gas densities of lognH[ cm−3] = 3.5 at R0.5 (left panel) and
R100K (right panel) for low metallicity (Z = 0.1Z) gas without
dust (red lines) and with dust grains (black lines). At the ioni-
zation front (R0.5, left panel), radiation with energies between
∼ 1 eV and the hydrogen ionization energy of 13.6eV is heavily
attenuated by dust. All spectra are normalized to 4pir20 where
r0 = 1018cm is the inner radius of the cloud.
tent is low9. In that case, the radiation from YMCs can heat
high-density (lognH[ cm−3] & 3) gas to temperatures above
100 K at distances that are a factor of a few larger than the
ionization radius.
4 DISCUSSION
We showed that radiative feedback from an individual YMC
can indeed be powerful enough to fully ionize homogeneous
gas in galaxy discs of low-mass haloes, assuming that the ra-
diation escapes the birth cloud on a short time-scale (a few
Myr). In this strong radiation field, gas clumps within the
ionized gas can self-shield only for densities that correspond
to Jeans masses that are too low to form similarly massive
YMCs, especially for dust-free gas. It is therefore expected
that a large fraction of ionizing photons can leave the thick
galaxy disc when this process is effective. This would pre-
dict a high escape fraction fesc of Lyman continuum (LyC)
photons for these faint compact objects at z = 6.
Direct observations of LyC photons produced during
or shortly after re-ionization to measure fesc is impossible
due to their small mean free paths at these redshifts (e.g.
λ13.6eVmfp ≤ 20Mpc for z > 4.5; HM12; see Dayal & Ferrara
2018 for a recent review on early galaxy formation). Pro-
mising candidates for Lyman leaking systems at low red-
shift (z ≈ 0.3) are “Green Peas” (Cardamone et al. 2009), a
class of compact starburst galaxies first identified in Gala-
xyZoo (Lintott et al. 2008). Especially the Green Peas with
9 The reduced opacity of dust-poor gas, as is expected for low-
mass high-z galaxies, also leads to a decrease in radiation pres-
sure on the gas compared to the Galactic metallicity and dust
content. While this effect is not explored here, this could be an
explanation for the higher total masses of dust- and metal-poor
YMCs (Howard et al. 2018).
neutral, but warm (T > 100 K)
Figure 12. Depth into the low-metallicity (0.1Z), dust-free gas
clump within which ne/nH > 0.5 (R0.5, solid lines) and within
which the gas temperature is higher than 100 K (R100K, dotted
lines). The depths are normalised to the assumed size of the clump
(λJ for T = 104 K) and the inner edge of the gas clump is located
at distances of d = 10,1,0.1kpc (indicated). The gas clump is
completely ionized where R0.5/λJ ≥ 1 (red region). For R100K >
R0.5 mostly neutral gas beyond the ionization front is pre-heated
to T > 100K by the radiation field (grey areas). The top x-axis
shows the Jeans mass MJ of a self-gravitating gas clump with
density nH and a temperature of 104K for reference.
the highest (> 5) O32 = [O iii]λ5007/[O ii]λ3727 ratios have
measured escape fractions from 8 per cent (Izotov et al.
2016) up to 72 per cent (Izotov et al. 2018a). For exam-
ple, J1154+2443 is a compact star-forming disc galaxy at
z = 0.37 with a Lyman continuum escape fraction of 46 per
cent (Izotov et al. 2018b): It has a half-light radius of ≈
0.2kpc, a low metallicity of ≈ 0.1Z (12+logO/H = 7.65),
a total (old and young stellar population) stellar mass of
logM?[M] = 8.2, a star formation rate of 18.9M yr−1,
and a starburst age of 2− 3Myr. These measured escape
fractions are very high compared to an average of fesc ≤ 2
per cent measured in low-redshift galaxies with lower O32
ratios (e.g. Borthakur et al. 2014; Leitherer et al. 2016; see
also Puschnig et al. 2017).
For higher redshifts (z ≈ 2−4), low escape fractions of
a few per cent have been derived from γ-ray bursts (Chen
et al. 2007), deep UV imaging (e.g. Grazian et al. 2016;
Steidel et al. 2018), and in a sample of Lyα and Hα emitters
in the COSMOS field (Matthee et al. 2017). Despite the low
average values for fesc, individual objects can have very high
escape fractions (e.g. “Ion2” Vanzella et al. 2015 with a LyC
escape fraction of 64+110−10 per cent de Barros et al. 2016,
see also Vanzella et al. 2016), similar to the low-redshift
examples.
Based on the individual measurements at z ≈ 0.3 and
z≈ 3, the highest values for fesc seem to occur preferentially
in starburst galaxies with a very young (age ≈ 2-3 Myr),
compact stellar component, low metallicities, and low stellar
masses (logM?[M] ≈ 8− 9 with higher fesc for lower M?;
Izotov et al. 2018a).
Therefore, if the faint compact objects observed at z= 6
are as metal- and dust-poor as expected from high-z mass-
metallicity relations (e.g. fig 5. in Mannucci et al. 2009),
their low stellar masses and high UV luminosities make them
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good candidates for high-z analogues of the Lyman leaking
galaxies observed at lower redshifts. In this case, the obser-
ved compact sources are bright star clusters that outshine
their host galaxy. As observations only recently started de-
tecting this new class of objects, their dust content and gas
properties are currently unknown. Future observations with
the James Webb Space Telescope can provide more detailed
information, including measurements of the galaxy colours,
metallicities, and dust content. With this information, it will
be possible to refine and test the models presented here.
5 SUMMARY
In this work, we showed that radiation feedback from a com-
pact, massive, star-forming region at z = 6 can prevent the
formation of additional young massive clusters (YMCs) in
low-mass galaxies. This may explain the lack of additional
bright clusters in these objects. Supernova feedback has a
delay time that is much longer than the formation time of a
star cluster, and only becomes important after the host star
cluster has already faded, but radiation feedback affects the
rest of the galaxy almost instantly after the YMC has clea-
red out its birth cloud. This early radiative feedback can
qualitatively explain why the measured sizes of faint gala-
xies at redshift 6 are much smaller than expected from the
extrapolated luminosity-size relation of brighter galaxies. It
also offers an explanation for the question raised in Bouwens
et al. (2017) on the likelihood of having only one dominant
star cluster in a faint galaxy.
The model is based on a gas-rich, low-mass galaxy in
which a perturbation (e.g. tidal shock, mergers, gas inflow,
instabilities) leads to the formation and compression of mas-
sive gas clumps. As long as the only heating source is the UV
background (UVB), a self-gravitating gas cloud with an ini-
tial temperature of ≈ 104 K can self-shield and subsequently
cool to  104 K for densities lognH[ cm−3]< 2.6 (Fig. C1).
This density corresponds to an initial (for T = 104 K) Jeans
mass of logMJ[M]≈ 8.5 (top right panel of Fig. 7). If the
collapse of this massive gas cloud leads to the formation of
a YMC, the radiation field within the galaxy increases dras-
tically as soon as the YMC has cleared out its birth cloud.
Because of the higher ionization rate, gas with higher densi-
ties can be ionized and hence, gas clumps with Jeans masses
that could self-shield and cool in the UVB case, now remain
ionized and warm (bottom right panel of Fig. 7). For exam-
ple, for the fiducial model10, a gas clump with a Jeans mass
of MJ = 107 M is fully ionized out to distances that corre-
spond to the disc sizes expected for galaxies within haloes
of logM200[M]≈ 10.3 (bottom right panel of Fig. 7).
At ages of > 8 Myr, star clusters with both canonical
and top-heavy IMFs have faded substantially (right panels
of Fig. 8) and the cycle could start again if the only feedback
mechanism were radiation. If at this time the energy input
from SN feedback removes a large fraction of the dwarf ga-
laxy’s gas mass from the disc then the individual (faded)
YMC remains the only bright source of star light until gas
infall can reignite further star formation. Therefore, at any
10 Radiation field from a star cluster with a canonical IMF
(cYMC), an age of 2 Myr and a mass of M? = 107M
moment throughout this cycle, at most one YMC would be
visible in the sample of faint, z = 6 galaxies and in this case
the sizes measured in observations of stellar light from high-
redshift low-mass galaxies would be the sizes of individual
star formation regions rather than the actual sizes of the
host galaxies. Without the almost immediate impact of the
YMC on its surroundings, additional massive star clusters
could form unaffected by feedback for several Myr.
More massive galaxies (logM200[M] & 10.5) with lar-
ger sizes are less influenced by this process. Only the gas
clumps closest to the YMC are ionized while clumps at lar-
ger distances remain unaffected before SN feedback becomes
important. The measured sizes would therefore be more re-
presentative of the extent of the gaseous disc. In the size-
luminosity relation a transition is expected to occur close
to the galaxy mass below which radiation feedback from the
current YMC can prevent the formation of additional YMCs
within the same galaxy.
Radiative feedback can therefore explain why typically
only one YMC is present in low-mass galaxies at z = 6, lea-
ding to the extremely small (< 40pc) measured intrinsic si-
zes as well as the possible change in the slope of the size-
luminosity relation in the sample of gravitationally lensed
objects from Bouwens et al. (2017). Those authors show that
the slope in the luminosity-size relation of their z = 6 galaxy
sample likely changes from Reff ∝ L0.26 for bright galaxies
(< −17mag) to Reff ∝ L0.5 for fainter objects, where Reff
is the observed effective radius. Their slope for the bright
end matches the extrapolated sizes from blank-field studies,
while the fainter objects have inferred sizes that are too
small compared to the extrapolated relation.
In Fig. 10 we showed that the radiative feedback ef-
fect is stronger for low-metallicity galaxies, as the additional
shielding by dust in high-metallicity galaxies allows clumps
with larger Jeans masses to remain neutral. Summarising,
the suppression of YMC formation by radiative feedback, as
modelled here, is expected to be increasingly efficient for ga-
laxies with smaller sizes, thicker discs, as well as lower metal
and dust contents.
As large gas clumps can be fully ionized throughout the
galaxy, a high escape fraction of ionizing photons is expected
for these extremely compact, high-z galaxies. This is com-
patible with measurements of individual galaxies with high
escape fractions which occur preferentially for starburst ga-
laxies with similar properties as the objects discussed in this
work (see discussion in Sec. 4).
The analytic and numerical approaches presented in
this work are idealised. Therefore, we cannot predict the pre-
cise mass or size scales below which radiation feedback from
a YMC prevents the formation of additional YMCs and pro-
duces the observed change in the slope of the luminosity-size
relation. However, we do emphasise that such a transition is
expected due to the radiative feedback from the YMC.
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APPENDIX A: PHOTOIONIZATION
TIME-SCALES
In the following we show that the time-scale for radiative
feedback is almost instantaneous compared to that for SN
feedback (τSN, see Eq. 1).
In the absence of recombinations the time to ionize a pure
hydrogen cloud ∆t is the total number of initially neutral
hydrogen atoms over the ionizing luminosity in photons per
second, N˙H i. For a YMC at the centre of a homogeneous
gas cloud with radius λJ/2 (with the Jeans length λJ from
Eq. 10) and density n the time is
∆t= 0.0072Myr
(
N˙H i
1053 s−1
)−1
(
T
104 K
)3/2( n
1cm−3
)−1/2
.
(A1)
or
∆t= λJ/2
c
= 0.0019Myr
(
T
104 K
)1/2( n
1cm−3
)−1/2
. (A2)
if the speed of light c is limiting the ionization at a distance
of λJ/2.
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Since ∆t∝n−1/2 higher densities can be ionized faster. This
case is therefore different than a cloud whose size is indepen-
dent of the gas density, where more atoms i.e. higher density
leads to a larger ionization time and ∆t∝ n.
For a gas clump (again with radius λJ/2) at the edge of
the galaxy disc and therefore at a distance Reff , only photons
within the solid angle Ω = (λJ/2)2pi/R2eff contribute to the
ionization of this gas clump11. The minimum time-scale for
this case is:
∆t= 0.014Myr
(
N˙H i
1053 s−1
)−1(
M200
1010M
)2/3
(
T
104 K
)1/2( n
1cm−3
)1/2 (A3)
or
∆t= Reff
c
= 0.0013Myr
(
M200
1010M
)1/3
(A4)
for the speed of light limit.
The time-scale for recombination is defined as
τrec = 1/(αn) = 0.122Myr/n. (A5)
For densities larger than nlim where τrec(nlim) = ∆t(nlim)
recombination is relevant for the time evolution of the
Strömgren sphere. For clouds with a size close to the Je-
ans length nlim depends on the ionizing photon flux as well
as the gas temperature (via λJ ):
nlim = 283cm−3
(
N˙H i
1053 s−1
)2(
T
104 K
)−3
cm−3 (A6)
The time-dependent solution to the Strömgren radius, and
therefore including recombination, is
ri =RS
(
1−e−t/τrec
)
(A7)
The time tfS when the ionization front has reached a radius
of fS ·RS is
tfS =−τrec · ln(1−fS) (A8)
and the relevant ionization time-scale τion is therefore
τion =
{
∆t, if n < nlim.
tfS, if n≥ nlim.
(A9)
For a smooth transition between the two time-scales we use
fS = 1−e−1 = 0.63 so that tfS = τrec.
In Sec. 2.1 the maximum density nmax(M200) (Eq. 7)
of a homogeneous medium for which the Strömgren radius
exceeds the galaxy size, Reff , is derived. The corresponding
time-scale is
τion = 0.0027 Myr
(
T
104 K
)3/2( M200
1010 M
)1/4
(A10)
11 This assumes no absorption between the YMC and the gas
clump, see Appendix B for details.
where nmax(M200)< nlim and therefore
M200 > 6.12×106 M
(
N˙H i
1053 s−1
)−3(
T
104 K
)6
(A11)
For the ionizing luminosities from the star cluster models
cYMC and tYMC the time-scale τion is very short relative
to both the age of the star cluster and the occurrence of the
first SN. This shows that the gas is ionized almost instanta-
neously compared to τSN.
APPENDIX B: ABSORPTION BY
LOWER-DENSITY GAS
The Cloudy calculations as well as Eq. 15 assume that the
gas between the star cluster and the inner edge of the shell
/ clump does not absorb any radiation. If the line-of-sight
passes through volume filling lower-density gas (with nlow =
flown and flow < 1) before it reaches the inner edge of the
clump, the ionization depth into the shell can be reduced. If
the lower-density gas is neutral, the radiation does not only
ionize the particles in the dense shell Nshell = Vshell×n but
also the particles in the lower-density sphere within the shell
Nlow = Vlow×flown.
The effect of including a lower-density medium at
distances smaller than d on the thickness of the shell / clump
that can be ionized is therefore the ratio between Ri from
Eqs. 13 and 14 and Ri,low that takes the low-density gas
into account. Analogously to Ri, Ri,low is derived by equa-
ting the number of atoms in the Strömgren sphere to that
of the shell plus the lower-density interior:
Ri,low =
[
R3S−d3(flow−1)
]1/3−d (B1)
compare : Ri =
[
R3S +d
3]1/3−d (B2)
For R3S d3(flow−1) the lower density gas does not change
the depth into the clump that can be ionized as Ri,low/Ri→
1, while for R3S ≈ d3(flow−1) the ratio Ri,low/Ri ≈ 3.85[(2−
flow)1/3−1]. This means that if the sphere is filled with gas
that is a factor 2 (10) less dense than the gas in the shell /
clump, Ri is reduced by 44% (8%). As we assume a clear dis-
tinction between the densities of the clump and the surroun-
ding medium, we made the simplifying assumption that the
radiation reaches the highest density clump unabsorbed.
APPENDIX C: HM12 BACKGROUND
RADIATION FIELD
In the absence of active star formation, the gas in a ga-
laxy is mainly exposed to the UVB radiation field, which we
take from HM12. For a comparison with the results from the
YMC radiation fields, the density limit nmax below which a
gas clump of size λJ (for T = 104 K) can be ionized is also
numerically determined for HM12 at z= 6. ForCloudy runs
with the background radiation field from HM12, the external
radiation field is defined by its intensity and a plane-parallel
geometry is assumed. This is a slightly different setup com-
pared to the simulations for the YMCs, where the strength
of the radiation field is defined by a luminosity of the YMC
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Figure C1. As Fig. 12 but for the z=6 UVB radiation field from
HM12. The maximum density of lognmax[ cm−3] = −2.6 where
gas clumps of size λJ (for T = 104 K) can be fully ionized is indi-
cated as vertical dashed line.
emitting light into a solid angle of 4pi sr, and the distance d
between the radiating source and the inner edge of the gas
clump.
For an individual sightline through the centre of a clump
with a size of λJ (Eq. 10), both R0.5/λJ and R100K/λJ are
shown in Fig. C1. Low-metallicity (0.1Z), dust-free gas
clumps with densities above lognmax[ cm−3] =−2.6 are ne-
utral and cold (< 100 K) if exposed to the HM12 UVB ra-
diation field. The maximum density nmax from Fig. C1 is
indicated as reference in Figs. 8 and 10.
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